A knowledge of the electron-capture and ionization cross sections for relativistic very heavy ions has application to the determination of nuclear charge from energy-loss measurements -where the rate of energy loss is charge-state dependent-and t o the design of an ultrarelativistic heavy-ion accelerator-where the use of highe r charge states allows for a smaller and more energy-efficient accelerator.
In this Letter we report measurements, at en-. ergies of 962 and 437 MeV/nucleon, of the cross sections for the capture of an electron by Ug2+ and Ugl' and for the ionization of Ugl' and U90' in Mylar, Cu, and Ta. These a r e the first experimental cross sections for capture and loss of an electron by a relativistic heavy ion of nuclear charge > 18. We find that beams containing nearly 50% bare Us+ a r e produced by stripping 437-MeV/nucleon uranium in a 90-mg/cm2 Cu target and that beams containing over 85% bare Ug2+ are produced by stripping 962-MeV/nucleon uranium in 150-mg/cm2 Cu or 85-mg/cm2 Ta targets.
Relativistic 6" ions are obtained from the Lawrence Berkeley Laboratory Bevalacl-a heavy-ion linear accelerator (Super-HILAC) and% a synchrotron (Bevatron) operating in tandem. After extraction from the Bevalac, the ions pass through a Mylar (C,H,O,), Cu, o r T a target located upstream of a magnetic spectrometer. (Fig. 1) . This is a model-independent fit which is blind -6.6), Cu (ZT =29), and Ta (2, = 7 3 ) . uREC to the atomic statesjnvolved and t o the niechanisms f o r capture and loss.
The equilibrium charge-state distributions ( Fig. 2) a r e determined from the ratios of capture and ionization cross sections. Using the cross-section ratios avoids extrapolation to infinite-thickness targets. For all energies and targets one or more targets were of near-equilibrium thickness. The difference between the charge-state distributions observed for our thickest Cu and T a targets and the equilibrium distributions for these materials was less than 5% of the total counts. The use of extremely thick targets offers no advantage over our present method because of the slowing down of the uranium in t h e target. We estimate the uncertainty in determining the equilibrium distributions, mostly due to statistics and a small background, to be less than 5% of the total counts.
The absolde cross sections, shown in Figs. 3 and 4, have an estimated e r r o r of a factor of 2. The e r r o r is relatively large because only a few targets were used to cover a large range of target thicknesses and the useful data for determin: ing the cross sections are limited to from three t o six (average 4.2) charge-state distributions.
f o r capture of an electron by Ug2+ and Ugl+ at energies of 962 and 437 MeV/nucleon in Mylar (effective 2, 6.@, Cu (2, = 29), and T a (2, = 73). Relativistic uranium captures electrons by radiative electron capture (the inverse of photoionization) and by charge exchange. We first consider radiative electron capture. With neglect of binding energy of the target-atom electrons, the cross section3 per target electron for radiative electron capture, aREc/electron, may be written in t e r m s of u a , the photoionization cross section, and X , the fraction of the shell of the uranium atom which is unoccupied: Figure 3 shows the experimental cross sections Here B , is the binding energy of an electron in the nth shell, m is the electron mass, and c is the speed of light. Also, y = (1 -P ' ) -l " and / 3 = V / c , where v is the uranium velocity. A t 962 MeV/ nucleon (7" 2.0) and at 437 MeV/nucleon ( y 1.5) photon energies from radiative electron capture into the K shell are 0.66 and 0.37 MeV, respec-. tively. (Capture into higher shells lowers the photon energies by 0.1 MeV.) The total cross sections for photoionization4 of all shells by 0.66-and 0.37-MeV photons are 25 and 90 b, respectively. Multiplying by the number of electrons in the target atom, we obtain values of U R E C for U92t shown in Fig. 3 . UREC for Ugl+ is about half as large.
The second process for electron capture is nonradiative charge exchange. Precise calculations of the relativistic cross sections for nonradiative charge exchange with a complex target atom a r e not yet available. Present calculations5 of the charge-exchange cross sections from hydrogenlike targets by 962-and 437-MeV/nucleon U9' + find a strong dependence on the nuclear charge of the target. In low-2, targets these cross sections are much smaller than O R E C and in high-2, targets they a r e somewhat larger.
With the assumption of a negligible contribution t o the capture cross section from nonradiative charge exchange in Mylar, our experimental data for Mylar a r e in satisfactory agreement with DREC calculated from Eq. (1). The difference between the experimental capture cross section 182 and Q R E C for heavier targets in Fig. 3 is consistent with the increasing importance of nonradiative charge exchange for increasing 2, and decreasing projectile energy.
To calculate the cross sections for ionization of UgO+ and Ugl+, we note that the relativistic Bethe theorfe7 for energy loss by a heavy charged particle in matter predicts the cross sections for ionization arid excitation of the target by the projectile. Reversing the role of the target and the projectile, we calculate the cross section (UI) for ionization of us'+* ' l + :
Here a, is the Bohr radius of hydrogen, CY is the fine-structure constant, B K is the binding energy of a K-shell electron in units of rydbergs (1 Ry 13.6 eV). The quantities P and y have the same meaning as in Eq. (l), 2, is again the nuclear charge of t h e target, and fx is a constant times the oscillator strength for transitions from the K shell to the continuum: fK = 0.29 and 0.58 for Ugl+ and Ugo+, respectively. Within the eyperimental error, the agreement in Fig. 4 between measured cross sections and cross sections calculated from the Bethe theory is satisfactory.
In conclusion, we find that beams containing more than 85% bare Ug2+ nuceli can be obtained by stripping V8' in Cu and T a targets of 150 mg/ cm2 and 85 mg/cm2, respectively, and that beams containing about 50% bare Ug2+ nuclei can be obtained by stripping 437-MeV/nucleon uranium in 90 mg/cm2 Cu. Our data a r e consistent with radiative electron capture being the dominant process at these energies for electron capture from light targets. It is clearly possible at these energies to produce beams of bare uranium nuclei for acceleration to ultrarelativistic energies and bqanis of few-electron uranium for atomic-physics tests of quantum electrodynamics.
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